Abstract: An improved direct torque control with space-vector modulation (DTC-SVM) scheme is presented in this paper. In the conventional DTC-SVM scheme, torque control performance is affected by the load conditions, due to the inappropriate linearization of the relationship between the flux angle and electromagnetic torque. Different from the conventional method, a torque controller with load angle estimation (TC-LAE) is proposed and the change rate of torque is regulated according to the variation of the load conditions, which could ensure the rapidity and consistency of torque performance at different load conditions. Meanwhile, an online permanent magnet synchronous motor and maximum torque per ampere (PMSM-MTPA) operation strategy based on the fitting solving method is proposed instead of the traditional two-dimensional look-up table, and the reference value of flux amplitude is calculated online to meet the MTPA requirement with the proposed method. The improved strategy is applied on a 6 kW PMSM, and the simulation and experimental results verified the effectiveness and the feasibility of the proposed strategy.
Introduction
A lot of work has been done to improve dynamic torque performance and to optimize the output efficiency of the torque of permanent magnet synchronous motors (PMSMs) in recent years [1] [2] [3] [4] [5] [6] [7] [8] . Additionally, various optimal torque control strategies have been proposed, such as direct torque control (DTC) [4, 5] , predictive torque control [6, 7] and nonlinear control strategies [8] , etc. The DTC strategy combined with space vector pulse width modulation (PWM) [9] , which used continuous rotated voltage vector to regulate the flux of the motor. The torque control performance was improved compared with conventional DTC [10] [11] [12] [13] .
The DTC-SVM scheme usually consists of two parts [14] : one is the selection of the flux reference based on the two-dimensional look-up table offline. In this part, the reference value of the current is achieved using the torque-current table based on the maximum torque per ampere (MTPA) criterion, and then, the reference value of flux is calculated according to the relationship between flux and current of the motor. Hence, the MTPA operation of the DTC-SVM scheme could be achieved [15] . The other is the calculation of the reference flux angle based on the proportional integral (PI) controller. The relationship between the electromagnetic torque and the flux angle is linearized approximately, which resulted in excellent torque performance which could be maintained at different load conditions.
The research of DTC-SVM scheme always focuses on two aspects: one is to reduce the impact on the MTPA operation brought about by the change of parameters of the motor. The other is to improve the control/precision of the torque against variations in the load conditions.
1.
Variable parameter PI control. A third-order characteristic curve of the relationship between the parameters of the PI controller and the load torque is established by the interpolation fitting method. The parameters of the PI controller will be adjusted according to the curve mentioned before to eliminate the impact of load torque on the performance of PI control [21] . 2.
Nonlinear control. Back-stepping control [22] , variable structure control [23] , sliding mode control [24, 25] and other nonlinear controllers are utilized to realize torque control. The nonlinear controller has the advantages of a rapid dynamic response and good adaptability against external disturbances and nonlinearity of the parameters. The dynamic performance of the motor is rapid and consistent under different load conditions. 3.
Deadbeat torque control [26] [27] [28] and predictive torque control [29] [30] [31] . The deviation of the torque is used as the input, and the required stator voltage for torque control can be obtained by the predictive mechanism. In these kinds of strategies, the stator voltage is adjusted online to eliminate the impact of load on the performance of torque by the predictive/deadbeat controller according to the mathematical model and load condition of the motor.
To improve the performance of the conventional DTC-SVM, a novel online MTPA method based on Lagrange interpolation and an improved torque controller with load angle estimation (TC-LAE) are proposed in this paper. Different from the existing MTPA scheme, the proposed MTPA scheme takes the stator flux linkage as a variable instead of the stator current. Furthermore, the direct selection of the reference flux amplitude satisfied with the MTPA criterion could be realized on-line by Lagrange interpolation. Besides, a P-type torque controller with load angle estimation is adopted instead of the inappropriate linearization PI controller, so that the parameters of torque controller could be adjusted online according to the actual load angle to improve the control performance of torque under different load conditions.
Examination of Conventional DTC-SVM Scheme
The structure diagram of the conventional DTC-SVM scheme is shown in Figure 1 . 
Selection of Reference Flux Amplitude Based on the MTPA Criterion
When operating below the rated speed of a PMSM, the MTPA operation should be satisfied for high-efficiency operation, which means the relationship between the electromagnetic torque and the stator current might meet the requirements of the following equations [15] .
During mathematical derivation of this paper, the per-unit value is employed for generality. The base value is selected as follows:
The reference value of i dn and i qn that meet the requirement of the MTPA criterion are obtained using look-up table, and the equation of the flux linkage after normalization can be obtained by:
where, ϕ' dn = L dn i dn . Furthermore, the reference value of stator flux amplitude is:
It can seen from Equations (1)- (3) that the MTPA operation of the PMSM depends on the accuracy of the motor's parameters. Hence, the online MTPA operation method could be used to reduce the impact of the parameters on the operation of the MTPA. The essence is changing the offline look-up table which meets the requirement of Equation (1) to solve the fourth-order equation online, which takes i d as the independent variable and T en as the parameter. Finally, the reference amplitude could be obtained using the square root operation, as shown in Equation (3).
Torque Control Based on the PI Controller
The electromagnetic torque can be written as the expression of the flux amplitude and load angle, which is [14] :
where, ρ = L qn /L dn , ρ > 1. δ represents the load angle, which is the angle between the stator voltage vector and the flux vector. The incremental quantity of the load angle ∆δ is related to the phase angle of the motor's stator flux vector.
The approximate linearization processing of Equation (4) is taken when the load angle is δ 0
where,
The PI controller is used to realize torque control for the conventional DTC-SVM scheme, according to Equation (6) . The structure block diagram of the torque loop is shown in Figure 2 . The close-loop transfer function of the torque control link could be obtained from this figure, and the damping ζ and natural characteristic frequency ω n can be derived as: In the block diagram, as shown in Figure 2 , the tuning processing of the parameters of the PI controller is as follows: firstly, the expectation value of ζ is 0.707 in engineering practice. Secondly, considering the regulation performance and the disturbance immunity of the control system, T i can usually be chosen as 15 T s to 25 T s in the digital control system, where T i = K p /K i [32] . At last, the change rate of torque k T corresponding certain load conditions is selected to calculate the parameters of the PI controller generally.
However, k T varies for different parameters, stator flux amplitudes and load angles of the motor, and because of the nonlinear characteristic of Equation (7), it is hard to select a particular k T to tune the PI parameters. For example, the change curve of k T is calculated according to (7) , where the stator flux amplitude changes from 0.6 to 1.0 (per-unit value) and the load angle changes from 0.0 to 1.5 (per-unit value), as shown in Figure 3 . As shown in Figure 3 , k T is mainly affected by the load angle of the motor. The heavier the load is, the smaller the value of k T is, inversely. So if k T under the rated load condition is used to calculate the PI parameters, the k T would be increased under light load conditions. Thus, it can be known from equation (9) , ζ will be larger than 0.707 for light load operations, so the adjustment time of the transiente torque will be longer. Conversely, if k T under the no-load condition is used, k T will be decreased when operating under rated load conditions. Then, ζ is smaller than 0.707, which is possible to cause an oscillation process of the torque regulation.
An Improved DTC-SVM Scheme
The block diagram of the proposed improved DTC-SVM scheme is presented in Figure 4 . For the reference calculation of the flux amplitude, a novel MTPA criterion expressed by the stator flux linkage is constructed, and the reference value of flux amplitude can be obtained with Lagrange interpolation online directly. For the reference calculation of flux phase angle, this section puts forward a novel P-type torque controller with load angle estimation (TC-LTE), which could regulate the flux phase angle as load angle variation. Moreover, by adding the relevant correction, compensation and limitation blocks for the incremental quantity of the load angle ∆δ, the impact of the voltage limitation circle, rotation of the permanent magnet and load angle stability on the torque control performance could be depressed. 
Novel Online MPTA Scheme
By substituting (2) into (1), the following equation can be derived:
where
Equation (10) is a novel MTPA criterion expressed by flux linkage; it can determine the reference flux amplitude that satisfied MTPA criterion under different load conditions directly.
In order to solve (10), Lagrange interpolation is adopted to fit the left polynomial of (10). Then, the feasible solution of (10) is equivalent to the zero point of the fitting polynomial. At last, the reference value of the flux amplitude can be determined with simple calculation. Assuming:
According to the theory of Lagrange interpolation [33] , there are two necessary steps to fit the above polynomial. The first step is to confirm the solution region of (10) . The second step is to select the samples and calculate the remainder of the interpolation.
Calculating the derivative of ϕ dn in (11) , and making this derivation equal to zero, that is:
The above equation has a single real root (1), i dn < 0. Hence, the negative solution could be the unique feasible solution of (10) . The schematic diagram of the interpolation trajectory and its remainder are drawn in Figure 5 . To avoid the irreversible demagnetization of the permanent magnet, always keep ϕ dn > −0.5 [34] . Therefore, the solution region of (10) can be determined as (−0.5, 0).
In general, the value of ϕ dn is always small under the MTPA operation, then the interplotion samples could be selected in [−0.25, 0] . This section adopted Lagrange parabolic interpolation to fit the curve of f 1 , and the interplotion samples are chosen as (0, C 0 ), (−0.15, C 1 ) and (−0.25, C 2 ), where
25 , respectively. Based on the interpolation formula [33] , The final interpolation polynomial can be expressed as follows:
and the interpolation remainder for (13) is:
For ϕ dn ∈ [−0.25, 0] and ρ ∈ [1.0, 2.0], the numerical analysis results of R n (ϕ dn ) is shown in Figure 5b . It can be seen from this figure that −0.01 < R n (ϕ dn ) < 0.01, thus the solution of f 2 (ϕ dn ) = 0 could be regarded as the solution of (10), approximately. This means that we can determine the reference flux amplitude with the solution of f 2 (ϕ dn ) = 0 online, and the complex process for solving (10) directly can be avoided. Particularly, the following extra conditions must be satisfied during the determination of the reference flux amplitude.
1.
To ensure stable operation of the PMSM, the reference value of the flux amplitude [20] ,
2.
If the PMSM works under no-load conditions, the electromagnetic torque and stator current are almost zero. According to (3),
Torque Controller with Load Angle Estimation (TC-LAE)
The control block of the proposed TC-LAE is shown Figure 4 . The estimation equation of the load angle can be expressed with stator current and flux, which is:
by substituting the estimated load angle into (7), we can predict the value of k T in real-time. Furthermore, the incremental quantity of the load angle at the next control instant, which is denoted as ∆δ, can be obtained by taking the difference operation on both sides of (4), that is:
In addition, a P-type controller is employed in the TC-LAE for ∆δ trimming, to depress the impact of several disturbance factors, such as sampling error and parameter mismatches, on torque performance. The control parameter of this P-type controller is K c , and
The conventional DTC-SVM takes a constant k T for the parameter tuning of the PI controller. Differening from the conventional method, the proposed TC-LAE adjusts ∆δ with the appropriate k T , which is calculated based on the actual load angle. With the aid of TC-LAE, the improved DTC-SVM can achieve a fast and consistent torque response under different load conditions.
Correction, Compensation and Limitations of ∆δ

Correction
In DTC-SVM strategies, during large torque demands, the torque controller will give an output that demands the selection of voltage vectors to increase the torque. However, once the reference voltage vector tip point lies outside the hexagon, the space-vector PWM yields a negative time length, resulting in an inevitable volt-seconds error [35, 36] . A voltage vector on the hexagon boundary (the modified reference voltage vector) must be selected and at least one back step has to be taken to recalculate the vector time lengths that generate the modified reference voltage vector. Shown in Figure 6 , the two popular modified reference vector choices are the minimum magnitude error PWM (MMEPWM) method (also called the one-step-optimal method), and the minimum phase error PWM (MPEPWM) method. However, the MMEPWM and MPEPWM could not ensure the stable output of the load angle and flux amplitude simultaneously at the transient instant [37] . Hence, a special voltage vector correction algorithm is proposed in this section, which is shown in Figure 6 . Figure 6 , and with the help of cosine theorem, the revised ∆δ ** can be derived as:
where, T sn denotes the per-unit value of the control period, and the base value of time is selected as 1/ω N , ω N is the rated electrical angular frequency of the PMSM; V ref denotes the voltage vector with the ∆δ revising algorithm, its amplitude equals the maximum value of the output voltage of the VSI.
Compensation
The rotor permanent magnet of the PMSM keeps rotating during normal operation. Assuming the rotor rotates counterclockwise, and ω denotes the rotor electrical angular frequency, it can be seen from Figure 6 that the value of ∆δ obtained by controller is ωT s less than the actual required value because of the rotation of the permanent magnet. This angular deviation will result in offsets for torque control during high speed operations, hence it is necessary to compensate the angular deviation, that is:
Limitation
Load angle stability must be ensured when the PMSM is operating under heavy load conditions, hence, the limitation block should be utilized for ∆δ adjustment. Taking the derivative of δ in (7), and making this derivation equal to zero, the maximum load angle δ m can be obtained:
Therefore, the maximum allowable vaule of ∆δ (denoted as ∆δ m ) can be obtained:
Simulation Results
In order to study the control performance of the proposed TC-LAE, numerical simulations have been carried out using Matlab/Simulink. The parameters of the control system are presented in Table 1 . It should be illustrated that the speed loop consisting of a PI controller is added out of the torque loop. The maximum value of the output torque, which is restricted by the PI controller of the speed loop, is 1.2T N , which is 230 Nm. 
The Correction and Compensation for ∆δ
The simulation waveforms with/without the correction algorithm for ∆δ are shown in Figure 7 . The motor operates at 100 r/min with no load. When t = 1.5 s, the reference value of speed n ref is set to 200 r/min, the speed PI controller reaches the positive limitation. Without the correction algorithm, ∆δ increased rapidly, resulting from the sudden increase of T ref . The amplitude of the stator voltage vector is increased correspondingly according to the analysis in Section 3.3. As can be seen from Figure 7 , taking the voltage amplitude limitation of the SVM into consideration, when the reference voltage (v α , v β )is beyond the range of the voltage limitation circle, the amplitude of the stator flux linkage |ϕ s | slides for a short time and a dynamic deviation will appear between the reference value and the actual value of the stator flux linkage. So, the stator current will increase rapidly(i max = 23 A). With the correction algorithm, the tracking ability of the flux control is improved, and the dynamic current is reduced effectively when the reference torque is changed suddenly(i a,max = 21 A). 
Selection of the Torque Controller Parameter, K c
The impact of the selection of K c on the static and dynamic performance is analyzed in this section. The standard deviation is used to evaluate the extent of the torque ripple in the anaylsis process. That is: (23) where, T e = 1 n n i=1 T e (i), n is the number of samples and n = 1000.
In the simulation, the motor is operated stably at 100 r/min with 50 Nm. When t = 0.1 s, n ref is set to 200 r/min. When K c is between 0.2 and 2.5, the variation rules of the static torque ripple σ T and the regulating time of electromagnetic torque t d are shown in Figure 8: 1.
When the value of K c is less than 2.0, the torque ripple of the motor is small. When the value of K c is greater than 2.0, the static oscillation of the electromagnetic torque appears.
2.
When the value of K c is between 0.5 and 2.0, the dynamic performance of the electromagnetic torque is basically consistent. When the value of K c is less than 0.5, the regulating time of the torque becomes longer. So, the dynamic performance of the system is degraded. 
Dynamic Characteristic of the Motor Control System
The dynamic simulation waveforms of the improved DTC-SVM scheme and the conventional DTC-SVM scheme are shown in Figure 9 . In the simulation, for the conventional DTC-SVM scheme, the parameters of the speed PI controller are consistent with Table 1 , the torque PI controller are Kp = 6.25 × 10 −4 and Ti = 20 Ts. The motor is operated at a steady-state of 100 r/min with 50 Nm. When t = 0.1 s, nref is set to −100 r/min and the motor is rotating in reverse. When t = 0.2 s, nref is set to 100 r/min again and the motor rotates normally. When t = 0.3 s, the load is suddenly increased to 150 Nm.
As can be seen from Figure 9 , the improved DTC-SVM scheme inherits the advantages of the conventional scheme, which has a rapid torque response and excellent stator currents. Meanwhile, because the torque loop of the conventional DTC-SVM is a second-order system, overshoot during torque regulation will inevitably occur. However, the improved DTC-SVM regulates the electromagnetic torque using kT varied with the current load condition, so overshoots of the electromagnetic torque has been restrained to some extent. 
Experimental Results
Dynamic Characteristic of the Motor Control System
The dynamic simulation waveforms of the improved DTC-SVM scheme and the conventional DTC-SVM scheme are shown in Figure 9 . In the simulation, for the conventional DTC-SVM scheme, the parameters of the speed PI controller are consistent with Table 1 , the torque PI controller are K p = 6.25 × 10 −4 and T i = 20 T s . The motor is operated at a steady-state of 100 r/min with 50 Nm. When t = 0.1 s, n ref is set to −100 r/min and the motor is rotating in reverse. When t = 0.2 s, n ref is set to 100 r/min again and the motor rotates normally. When t = 0.3 s, the load is suddenly increased to 150 Nm. As can be seen from Figure 9 , the improved DTC-SVM scheme inherits the advantages of the conventional scheme, which has a rapid torque response and excellent stator currents. Meanwhile, because the torque loop of the conventional DTC-SVM is a second-order system, overshoot during torque regulation will inevitably occur. However, the improved DTC-SVM regulates the electromagnetic torque using k T varied with the current load condition, so overshoots of the electromagnetic torque has been restrained to some extent.
Experimental Results
To verify the feasibility and effectiveness of the improved DTC-SVM scheme, experiments have been carried out on a 6 kW PMSM. The parameters of the experimental setup is consistant with the simulation, which is shown in Table 1 . In the experimental setup, which is shown in Figure 10 , a TMS320F28335 digital signal processor (DSP) is employed for the control strategy; the stator currents are measured by a LA-50P Hall sensor produced by LEM ® (Geneva, Switzerland), and the DC-side voltage is measured by the VSM025A Hall sensor, and the sampling tasks of the stator currents and DC-side voltage are accomplished by the DSP; the angular velocity is obtained from the incremental mode optical shaft angle encoder; the electromagnetic torque is estimated with the mathematical model of the PMSM. Besides, the sampling and control period of the DSP is 200 µs. 
MTPA Operation
In the simulations and experiments, the motor operated at 100 r/min. At first, the motor is operated at 20 Nm, and the load is added at 20 Nm per time, until the load reaches 200 Nm. The actual electromagnetic torque, amplitude of stator flux linkage, average value of d-/q-axis currents and RMS value of the phase current under each load condition are measured, and the experimental data are plotted in Figure 11 . It can be seen from Figure 11 that the MTPA trajectory obtained by simulation and experiments with the proposed online MTPA method almost coincide with the theoretical MTPA trajectory based on Equation (1). Figures 12 and 13 give the experimental waveforms with the conventional DTC-SVM scheme using two different parameters of torque PI controllers, which are calculated with k T under no-load and rated load conditions, respectively. Figure 14 gives the experimental waveforms with the improved DTC-SVM scheme. In the experiments, firstly, the motor is operated at 100 r/min with no load and 50 Nm load, respetively. Next, the reference speed is increased to 200 r/min. Besides, to assure the incremental quantities of electromagnetic torque are consistent for different load conditions, the limitation of the speed PI controller is set to 100 Nm when the motor is operating under the no load condition, and 150 Nm for the 50 Nm load, correspondingly.
Torque Control Performance
In Figure 12 , the parameters of the torque controller of the conventional DTC-SVM scheme are calculated by the constant k T corresponding to the no load condition. Then, it can be obtained that K p = 6.25 × 10 −4 and T i = 20 T s . It can be seen from Figure 12 that the motor has favorable torque performance when operating under the no load condition. However, the dampening of the torque loop will be decreased on account of the decreased k T when the motor operates with a 50 Nm load, and this will cause na oscillation process during the transiente torque.
In Figure 13 , the parameters of the torque controller of the conventional DTC-SVM scheme are calculated by the constant k T corresponding to the rated load condition. Then, it can be obtained K p = 2.0 × 10 −4 and T i = 20 T s . It can be seen from Figure 13 that the torque response is favorable when the motor is operated with a 50 Nm load. However, the damping of the torque loop will be increased because of the increment of k T when the motor is operating under the no load condition, resulting in a longer regualtion time of the eletromagnetic torque than the no load condition.
It can be seen from Figure 14 that the motor has a rapid and consistent torque response when operated under different load conditions for the proposed DTC-SVM scheme. Figure 15 gives experimental waveforms with/without the compensation algorithm mentioned in Section 3.3. In the experiment, the motor is operated at 200 r/min with no load steadily. As shown in Figure 15 , with the compensation algorithm, the electromagnetic torque could track its reference value without static error. While without the compensation algorithm, there are deviations between the electromagnetic torque and reference torque. Figure 16 gives the experimental waveforms of torque response for the value of K c equal to 0.2, 1.0 and 2.0, respectively. In the experiments, firstly, the motor is operated at 100 r/min with no load. Next, the load is increased to 50 Nm. As can be seen from Figure 16 , with the increase of K c , the ripple amplitude of the static torque is also increased, but the motor has a faster torque dynamic response; with the decrease of K c , although the ripple amplitude of the static torque is decreased, the dynamic performance of the motor deteriorated. Obviously, the above experimental results are consistent with the simulation. 
Characteristics of the Torque Controller
Conclusions
The constant torque change rate is used to regulate the electromagnetic torque in the conventional DTC-SVM, and the variation of the torque change rate has not been taken into consideration. Therefore, this kind of control mode will lead to a phenomenon where dampening of the torque control changes with the variation of the output torques. So, the dynamic performances of the electromagnetic torque are different under different output torque conditions. In order to solve this problem, this paper puts forward an improved DTC-SVM scheme. Compared with the conventional scheme, the proposed scheme adopts a torque controller with torque angle estimation (TC-LAE). With this torque controller, the torque change rate is adjusted in real-time according to the variation of the output electromagnetic torques. The dynamic performance of the torque control is improved. Meanwhile, for the determination of the reference flux amplitude, the MTPA criterion expressed by the flux linkage is established and the Lagrange interpolation fitting method is used to realize the on-line MTPA operation of the PMSM. With the proposed online MTPA method, we can determine the reference flux amplitude directly that could ensure the PMSM-MTPA operation, instead of utilizing the traditional two-dimensional look-up table. The simulation and experimental results of the improved and conventional scheme were researched using a 6 kW PMSM. The conclusions are as follows:
1.
The improved scheme inherits the advantages of the conventional DTC-SVM scheme. The torque control ability under different load conditions has been improved; the impact of load variation on torque performance has been eliminated.
2.
The reference value of the stator voltage given by the torque controller maybe exceed the range of the voltage limitation circle when the electromagnetic torque is changed suddenly. Then, the tracking deviation of the flux occurs and causes an impulse of the current. With the corresponding correction algorithm, the impact of the voltage limitation circle on the performance of torque control is eliminated. 3.
To eliminate the deviation of torque control resulting from the rotation of the permanent magnet; a compensation term was added to the reference value of the flux phase angle in the improved scheme, and a no-error control of the electromagnetic torque was realized.
4.
The selection of the torque control parameter K c will impact the torque control performance in the improved scheme. The selection of K c is analyzed by the simulation and experiment. The analysis results show that the torque ripple becomes greater when the K c is large; the dynamic performance of the torque is degraded when the K c is small. 
